, mining of manganese ore from the PMF ceased during 1989 in favour of the superior quality of manganese ore from the KMF. Gutzmer (1996) also stated that the irregular size and shape of the deposits, shortage of remaining reserves, and ore composition, are the chief factors that stopped the exploitation of the PMF orebodies. The shortage of remaining ore reserves might be ascribed to insufficient geological input, resulting in incorrect geological understanding and modelling of these orebodies. This likelihood is based on the findings of McCarthy (2003) , who identified problem areas with associated error frequencies from 105 completed mine feasibility studies analysed (Table I) . A significant portion of identifiable errors is directly linked to insufficient geological input, resulting in incorrect geological understanding and modelling of orebodies. Mine design and scheduling using incorrect orebody models will surely contribute to business risks, negatively impacting on potential profitability.
The critical role of manganese in the global economy and the fact that mining in the PMF ceased prior to the development of current levels of geophysical prospecting techniques and 3D modelling software are sufficient reason to apply these technologies during prospecting in the PMF. The purpose of this paper is to highlight the impact of resistivity data on the accuracy of PMF mineral resource estimation. This was established by comparing differences in geological interpretation by constructing two 3D resource models; one with and one without resistivity data.
Benefits of including resistivity data in a resource model -an example from the Postmasburg Manganese Field by J. Perold 1 and C. Birch 1 Due to the challenging geological environment of the Postmasburg Manganese Field (PMF), a study was conducted to determine if any benefits would derive from the inclusion of resistivity data during threedimensional (3D) modelling of the manganese resource. This was achieved by estimating manganese resources from 2011/2012 drilling data and comparing them with manganese resources estimated from the same drilling data and resistivity data collected during 2013 and 2017. Both models were adjusted to limit their extent to the same 3D modelling space. Significant volume and tonnage differences were observed for all lithological units. The greatest differences were noted in the manganiferous zones of alteration -7.200 Mt for the geological model versus 3.700 Mt for the geoelectric model. This study showed that the inclusion of resistivity data can reduce exploration costs significantly, as a direct consequence of the resistivity data allowing more accurate siting of boreholes. This decreases the number of boreholes, samples, and analyses required due to the 3D electrical delineation of mineralized areas prior to drilling.
An additional benefit is the ability to more correctly forecast the net present value of an operation due to more accurate estimation of manganese resources and stripping ratios. This is clearly demonstrated by the estimated gross profit estimation of R409 million for the geological resource model versus R264 million for the geoelectric resource model.
The addition of resistivity data can, therefore, reduce exploration costs and can increase confidence in geological and financial modelling. It would be reasonable to conclude that this approach could also be used for karsthosted massive sulphide deposits. resource estimation, manganese, resistivity data, financial modelling.
Benefits of including resistivity data in a resource model
The PMF is situated on the Maremane Dome (Eriksson, Altermann, and Hartzer; , and is located immediately to the north of the town of Postmasburg, extending northwards towards Sishen (Figure 1 ). The Maremane Dome (Figure 2 ) is a 'domed anticline with strata dipping at less than 1:100 in an arc to the north, east and south' (Cairncross, Beukes, and Gutzmer 1997) . Rocks of the Transvaal Supergroup, Griqualand West Basin, were deposited onto the basement rock of the Maremane Dome.
The study area is underlain by manganese ore of the Western Belt (Gutzmer, 1996) of the PMF. The orebody is associated with shale, overlain by quartzite and basaltic lava of the Gamagara Formation, Olifantshoek Supergroup. The irregular size and shape of the orebodies (Gutzmer, 1996) resulted primarily from deposition onto a weathered, Reivilo Formation dolomite paleosurface. The Reivilo Formation is a subdivision of the Ghaap Group, Campbell Rand Subgroup, Transvaal Supergroup. Dolomite that resisted weathering formed unevenly spaced pinnacles when the softer rocks were eroded away. Accurate delineation of the dolomitic floor topography and manganese orebody is of utmost importance for precise geological modelling and mineral resource estimation.
A clear understanding of the mineral content and textural relationships within the rocks of the Western Belt of the PMF is also required prior to constructing a 3D geological model as L 272 VOLUME 119 shown in Figure 3 . Gutzmer (1996) and Gutzmer and Beukes (1997) suggest that the ferruginous manganese ores formed through the following sequence of events: Research results related to the findings of resistivity studies conducted on the rocks of the PMF are not available in the public domain. Research by Ramazi and Mostafaic (2012) on manganese deposits associated with the Uremich-Dokhtar volcanic belt in the northwest of Iran showed that resistivity results can be used to accurately differentiate between manganese interbeds and limestone. The manganese mineralization underlying their study area correlated well with areas of low resistivity. Moreira et al. (2014) used low resistivity values to accurately differentiate between manganese mineralized zones, soil, and saprolite associated with supergene manganese deposits in southern Brazil. Both publications concluded that the inclusion of resistivity data can result in much greater detail than is usually assimilated from drilling and sampling alone.
To construct a 3D geoelectric model, the relationship between identified geological domains and georeferenced resistivity values has to be defined. Identification of consistent apparent resistivity ranges depends entirely on the order of magnitude of the variability in electrical conductivity for a specific rock domain (Oldenburg and Jones, 2007) . Guidelines used to determine apparent resistivity ranges were based primarily on their research. Oldenburg and Jones's (2007) generalized comparison for different rock types (Figure 4) clearly indicates that the expected resistivity ranges for metallic minerals (0.01 to 1 .m) should differ significantly from that for shale (7 to 50 .m), sandstone (60 to 10 000 .m) and dolomite (1000 to 100 000 .m). .m. Srigutomo, Trimadona, and Prihandhanu (2016) concluded that manganese ore of a mudrock-hosted manganese deposit is associated with resistivity values less than 5 .m and that the resistivity of the mudrock rarely exceeds 100 .m. The 2D resistivity surveyed conducted comprised 70 lines, each 550 m in length.
Differences between project-specific selected resistivity ranges and the published resistivity ranges cited are mainly ascribed to differences in conductivity. Oldenburg and Jones (2007) stated that conductivity is mainly dependent on clay content, moisture content, hydraulic permeability, porosity, temperature and phase of pore fluid, and the concentration of dissolved electrolytes.
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The impact of resistivity data on the accuracy of PMF mineral resource estimation was tested by constructing two 3D resource models, for comparison in Geovia Surpac 6.7. A primary geological model was created from data gathered during geological mapping, drilling, and sampling within the study area. A second 3D geoelectrical model was created by using resistivity data to guide the interpretation of the data used during construction of the primary model.
Construction of the geological model commenced (Turner and Gable, 2006) , by creating 15 west-east geological crosssections perpendicular to the strike of the orebody. Interpretation of the geology was limited to the sectional areas between boreholes drilled. The range of influence of data from individual holes was limited to half the distance between holes unless geological contacts could be accurately recognized on the surface.
Delineation of manganiferous zones of alteration (manganore) was restricted to areas with reported Mn values equal to or greater than 11% and/or combined Mn and Fe values of 21% or greater. This resulted in the inclusion of areas with low manganese concentrations when iron concentrations were close to or higher than 21%. Additional zones of higher grade Mn mineralization, [Mn] 24% and [Mn] 28%, were then delineated within the manganore zone.
The resistivity data was imported into Geovia Surpac 6.7. Care was taken to ensure that the resultant dispersion patterns compared favourably with the inverse model resistivity sections, which accompanied the data. This is evident when comparing the georeferenced, measured apparent resistivity pseudo-section for line 11 ( Figure 5 ) with the graphical resistivity section presented for line 11 (Figure 6 ). Georeferencing of the data resulted in the actual 3D orientation of each data-point, thus ensuring that it represents its physical location.
When constructing the 3D geoelectrical model, relationships between identified geological domains underlying the project area and the georeferenced resistivity values had to be defined (Loke, 2000) . Table II summarizes the resistivity ranges selected for identified lithological units underlying the project area. This was achieved by draping the Benefits of including resistivity data in a resource model L georeferenced resistivity data over borehole geological logs and analytical data contained in the project database. Resistivity ranges were found to be fairly constant but showed some variation between lines. Two lines showed reduced resistance, approximately 50 .m, for mineralized areas compared to the other lines surveyed.
The resolution of the resistivity values is unfortunately not high enough to conclusively deduce whether ferruginous shale with low concentrations of manganese is associated with areas of low resistivity (< 50 .m). As Mn and Fe mineralization are uncorrelated, zones of alteration (Table II) were subdivided into mostly manganiferous (50-100 .m) and mostly ferruginous (< 50 .m). Solid models were constructed from the created geoelectrical sections to demarcate geoelectric lithological units inside the model. Table III The principal reason for the volumetric differences is the high resolution of the sectional resistivity data, which allows detailed modelling on a very small scale. Results obtained from the resistivity data and associated geoelectrical model resemble the model of origin proposed by Gutzmer (1996) and Gutzmer and Beukes (1997) more closely than the geological model derived from drilling results alone.
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Applying a cut-off grade (Pittuck, 2015) to the created geological and geoelectric models resulted in mineral resource statements suitable for comparison. This was achieved by applying financial constraints to determine if 'a reasonable and realistic prospect for eventual economic extraction' exists (SAMREC, 2016) . Estimated differences are shown in Table IV , expressed as percentage changes, based on the modelled tonnage of individual lithological units related to the geological resource model. The impact of the different modelling techniques on manganese resources and stripping ratios is drastic. The reduction in economically extractable ore and subsequent increase in total waste tonnage in the geoelectrical model resulted in a 208.9% increase in stripping ratio.
The incorporation of the resistivity results survey undoubtedly increased the geoscientific confidence and level of knowledge regarding the challenging spatial orientation and extent of the drilled portion of the mineral deposit. The following parameters are recommended for classification of manganese mineral resources associated with the PMF. The magnitudes of financial risks and rewards stemming from resistivity modelling of PMF exploration were defined by comparing exploration expenditure and the impact of stripping ratios on gross profit. These financial indicators were chosen as they directly impact on affordability, cash flow, and the return on capital invested.
During exploration, non-invasive resistivity surveys are critical prior to siting boreholes. Areas of low resistivity (< 150 .m) showing horizontal continuity in excess of 100 m should be chosen as drilling targets. The unfortunate fact that exploration drilling was conducted before resistivity surveys were undertaken presented a unique opportunity for cost comparison. This was done by using the results of the resistivity survey to determine any errors made during the initial drilling programme. The following was observed from a total of 32 boreholes drilled in the study area:
® Drilling too deep -81.6 m ® Percentage of boreholes correctly sited: 56% ® Percentage correct sampling: 48%. Exploration activities were costed by using actual costs from a geophysicist and drilling contractor on site during 2017. Table V clearly shows that results from a resistivity programme conducted prior to drilling would have reduced associated drilling expenditure by approximately 46% and expenditure on chemical analyses by approximately 52%. The total cost estimate for prospecting with resistivity data is 47% lower than without resistivity data.
Costs associated with quality control and quality assurance, core logging, and sampling will most probably be incrementally lower due to the reduced workload. Costs associated with 3D modelling will be fairly similar, as the additional time spent on georeferencing of resistivity data is offset by the reduced time spent on deducing geological and L 276 VOLUME 119 geochemical contacts during 3D modelling of the mineral deposit.
The effect of different stripping ratios, from the created resource models, on monthly gross profit is illustrated in Table VI . Stripping ratio is the only variable considered when the cost of production (lump ore product) is calculated. If the stripping ratios for the created models were the same, the estimated costs would have been equal. This caused the cost of waste mining associated with the geoelectrical model to be 209% higher than that estimated for the geological model. Gross profit for the geoelectrical model reduces by 41% compared to the geological model based on drilling data alone.
Assuming that the geoelectrical model is more accurate, the monthly estimated gross profit of the geological model is overestimated by R3 million. This equates to R409 million for the declared mineral resources.
To confirm the conclusions drawn and endorse the recommendations made, 16 core boreholes were drilled in the study area during November/December 2017, the first drilling since completion of the initial prospecting phase (without resistivity data) during 2011/2012. Boreholes were sited on an approximate 50 × 50 m grid covering an area 150 m by 175 m in extent. Boreholes were deliberately placed on resistivity lines surveyed earlier during 2017 or 2013. The area chosen showed continuity of resistance levels <150 .m over distances exceeding 120 m.
The results of the 2017 drilling campaign were very encouraging. All 16 boreholes drilled intersected manganese mineralization. The ore intersections in 15 of the boreholes averaged above 28% Mn. The average in situ manganese grade of the area drilled during 2017 is 8% higher than the average grade of the project estimated from the 2011/2012 drilling data. The average estimated iron grade is 6.5% higher than in 2011/2012, while the total average metal concentration (MnFe) increased by 14.5%.
A similar grade comparison confined to the area drilled during 2017 showed that the average in situ manganese grade estimated from the 2017 data is 2.54 % higher than that estimated from the 2011/2012 drilling data. The average estimated iron grade is 4.49% higher than in 2011/2012, while total average metal concentration (MnFe) increased by 7.03%.
The aim of this study was to determine if any benefits will derive from the inclusion of resistivity data in a manganese resource model for the PMF. This was achieved by estimating manganese resources from 2011/2012 drilling data for comparison with resources estimated from the same drilling data plus resistivity data collected during 2013 and 2017.
It was established that the addition of resistivity data can reduce exploration costs significantly in this challenging geological environment. The reduction in costs is a direct consequence of the application of resistivity data allowing more accurate placing of boreholes. This lessens the number of boreholes, samples, and analyses required due to the 3D electric delineation of mineralized areas prior to drilling.
An additional benefit is the ability to more correctly forecast the net present value of an operation due to more accurate estimation of manganese resources and stripping ratios. This is clearly demonstrated by the estimated gross profit difference of R409 million for the geological resource model and R264 million for the geoelectrical resource model.
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